Abstract. The present review article describes in detail the state-of-the-art of organic-inorganic hybrid materials based on polyimide/silica components. The article is divided in three parts. In the first the basic processing route for the preparation of these systems is described, i.e. the sol-gel technique, along with the strategies developed to control the final morphology. In the second part the curing characteristics, the dynamic-mechanical and the mechanical and fracture properties of hybrids with different morphologies are reviewed. Finally, the more technologically relevant applications devised for these high performance materials are discussed. : nanocomposites, hybrid materials, polyimide, silica, sol-gel eXPRESS Polymer Letters Vol.3, No.7 (2009) [413][414][415][416][417][418][419][420][421][422][423][424][425][426][427][428] Available online at www.expresspolymlett.com DOI: 10.3144/expresspolymlett.2009.51 or as functional materials [14] such as catalyst supports [15] and microelectronic devices [16] . The sol-gel route represents the preferred way for the synthesis of polyimide based hybrids. The classical sol-gel process consists in a two step hydrolysis-condensation reaction, starting with a metal alkoxides M(OR) 4 , typically tetraethoxisilane Si(OCH 2 CH 3 ) 4 or titanium isopropoxide Ti[OCH(CH 3 ) 2 ] 4 , to produce hydroxyl groups followed by the polycondensation of the hydroxyl groups and residual alkoxy groups to form a three-dimensional network [5, [17] [18] [19] [20] [21] . Polyimides are particularly suited for this type of process because they can be obtained from polyamic acid precursors, which are soluble in hygroscopic solvents and can, therefore, tolerate the addition of water necessary to bring about the hydrolysis of the metal alkoxide. Moreover, the outstanding thermal stability of polyimides allows the hybrids to be post-cured at very high temperatures (300-350°C) making it possible the development of a very dense inorganic network without inducing appreciable degradation of the organic phase. Polyimide/silica hybrids made by the sol-gel technique are the subject of this review, in which the approaches used for a close control of their final morphology, the effects of the silica phase on the curing process of polyimide precursors, the dynamic-mechanical and the mechanical and fracture properties that these materials can display, and their possible applications will be presented and discussed.
Introduction
Polyimides (PI) are a class of high-performance polymers possessing the cyclic imide and aromatic groups in the main chains. The most familiar polyimide is widely known as Kapton, developed by Du Pont in the 1960s. After the marketing of this polyimide, many others were commercially developed with some modified properties. They have gained considerable importance in advanced areas such as microelectronics, aerospace and separation technologies owing to their outstanding properties in terms of thermal stability, mechanical properties, and solvent resistance, coupled with relatively low permittivity and dielectric losses up to very high temperatures [1] [2] [3] . In order to facilitate progress of PIs in their application fields, much effort has been spent to further improve their properties. This can been achieved through the formation of in situ generated inorganic particles to produce organic-inorganic (O/I) hybrid materials [4] [5] [6] [7] . The O/I systems have been recognized as a new class of high performance materials owing to the unique opportunity that these systems provide to combine the excellent properties of inorganic glasses, such as high modulus, thermal stability and low coefficient of thermal expansion, with the ductility and low temperature processing characteristics of organic polymers. When the two phases are interconnected and the domain sizes of these phases approach those of supramolecular entities, these materials are known as nanostructured materials or 'phase-interconnected' nanocomposites [8] [9] [10] [11] . Hybrid materials offer a large potential for applications in a variety of advanced technologies, either as structural materials [6] , including their use as matrices for high performance composites [12, 13] , or as functional materials [14] such as catalyst supports [15] and microelectronic devices [16] . The sol-gel route represents the preferred way for the synthesis of polyimide based hybrids. The classical sol-gel process consists in a two step hydrolysis-condensation reaction, starting with a metal alkoxides M(OR) 4 , typically tetraethoxisilane Si(OCH 2 CH 3 ) 4 or titanium isopropoxide Ti[OCH(CH 3 ) 2 ] 4 , to produce hydroxyl groups followed by the polycondensation of the hydroxyl groups and residual alkoxy groups to form a three-dimensional network [5, [17] [18] [19] [20] [21] . Polyimides are particularly suited for this type of process because they can be obtained from polyamic acid precursors, which are soluble in hygroscopic solvents and can, therefore, tolerate the addition of water necessary to bring about the hydrolysis of the metal alkoxide. Moreover, the outstanding thermal stability of polyimides allows the hybrids to be post-cured at very high temperatures (300-350°C) making it possible the development of a very dense inorganic network without inducing appreciable degradation of the organic phase. Polyimide/silica hybrids made by the sol-gel technique are the subject of this review, in which the approaches used for a close control of their final morphology, the effects of the silica phase on the curing process of polyimide precursors, the dynamic-mechanical and the mechanical and fracture properties that these materials can display, and their possible applications will be presented and discussed.
Processing and morphology
A typical procedure for the preparation of PI/silica hybrids via the sol-gel route, involves the following steps: i) The polyamic acid (PAA) (PI precursor Figure 1 .
ii) The silica precursor [e.g., tetraethoxysilane (TEOS) or tetramethoxysilane (TMOS) is added to the PAA solution, and the hydrolysis and polycondensation is carried out using an appropriate catalyst. iii) The PAA/silica solution is film cast by drying the solvent, and then the film is cured by successive heating treatments up to 300°C. The heating induces the imidization reaction to convert PAA to PI and the crosslinking of the Figure 1 . Formation of polyamic acids, the precursor of polyimides Figure 2 . Sol-gel process for the production of a polyimide/silica hybrid and the structures of some alkoxisilanes siloxane component to form a silica network. This route is outlined in Figure 2 where the structures of some silanes discussed in the present review are also reported. The types of reactions involved in the preparation of PI/silica hybrids allow to exert a considerable control on the final morphology by preventing premature phase separation. This is achievable by optimizing the processing parameters (temperature, catalyst and nature of the solvent) and by promoting reactions or interactions between the two components, either directly or via a coupling agent. Various methods for effectively introducing a silica phase into PI matrices have been reported by Nandi et al. [17, 22] , Morikawa et al. [7, 11] , Wang et al. [23] , Mascia et al. [8, 13] , Schmidt and Wolter [24, 25] among other. Given below is an account of some of the approaches used. In earlier studies, large sized silica domains were generated with inhomogeneous distribution within polyimide matrices. This led to brittle materials with poor mechanical properties. In order to minimize the size of the inorganic particles and to prevent their agglomeration, Nandi and co-workers prepared polyimide-silica hybrids via the 'site isolation method' [17, 22] . This method consisted of pre-binding an alkoxide precursor to a polyamic acid, forming a carboxylate group, and subsequently curing the system to imidize the polyamic acid and to drive the sol-gel reactions. Homogeneously dispersed silica particles of nanometer dimensions were observed in the polyimide matrix, particularly at low silica content, although micronsized particles were evident at higher silica concentrations (> 40 wt%). However, this approach had the drawback that the prebinding of the alkoxide precursor prevented a complete imidization of the polyamic acid. Morikawa et al. [7, 26] produced PI/silica hybrids by mixing TEOS solutions and a polyamic acid, obtained from the reaction of PMDA and ODA. Except for systems with low silica content (<10 wt%), the films were opaque and contained coarse silica particles 3-7 μm in diameter. In later studies these authors [11, 27] greatly improved the morphology and properties of these hybrids by introducing different types and concentrations of pendant alkoxysilanes along the polyimide backbone. These pendant groups provided connection points to the silica particles. The SEM results showed that the silica particle size was 0.5-1.0 μm, i.e. smaller than those in the previous studies, and the particles were homogeneously distributed. These results were attributed to increased compatibility owing to interactions between the organic and inorganic phases. Mascia and Kioul [5, 8, 21] and Mascia and coworkers [28, 29] , showed that the compatibility in PI/silica hybrids can be greatly improved by adding to TEOS solutions a functional alkoxysilane coupling agent such as γ-glycidyloxipropyl trimethoxysilane (GOTMS). The SEM micrographs of Figure 3 for PI hybrids with 22.3 wt% of silica illustrate the compatibilization effect of GOTMS, which brings about a morphological transformation from a dispersed particle microstructure (Figure 3a ), in absence of GOTMS to a finely interconnected or co-continuous phase morphology (Figure 3b) , with the use of GOTMS [28] . For the compatibilized system the size of the interconnected silica domains ranges from 40 to 100 nm, while for the non-compatibilized system, the average diameter of the silica particles varies from 0.8 to 1.0 μm. These morphologies are the result of a typical phase separation by spinodal decomposition [30, 31] differing from each other in the extent of phase connectivity. The way through which the coupling agent induces and controls the evolution of the morphology in these hybrid systems was attributed to interactions, possibly by hydrogen bonding, taking place between the epoxy groups of GOTMS and the acid groups of the polyimide precursor. These interactions delay the onset of phase separation by spinodal decomposition, which results in a higher viscosity of the solution and in a reduction of the rate of particle growth [5, 8, 32] . It was found that a threshold value of the GOTMS/TEOS molar ratio exists for the formation of co-continuous morphologies [8, 32] . This threshold value was found to change with the overall silica content in the hybrid. For a silica concentration of 22.3 wt%, calculated theoretically assuming complete conversion of TEOS and GOTMS to silica [33] , the threshold GOTM/TEOS molar ratio is located between 0.06 and 0.08. Figure 4 shows the SEM micrographs of hybrids having 22.3 wt% of silica and GOTMS contents below and above the threshold value [32] . For GOTMS concentrations lower than the limiting value, the hybrids display (Figures 4a and 4b ) a particulate morphology like that of Figures 3a, but with smaller particles sizes. The dimensions of these particles decrease from about 0.61 to 0.32 μm with increasing the amount of GOTMS. The micrograph of Figure 4c , on the other hand, illustrates the morphology obtained with a GOTMS content slightly above the threshold value. This morphology is close to that of Figure 3b for which a higher GOTMS concentration was used. TEM examinations for co-continuous structures revealed additional morphological features. In particular, it was found that increasing the amount of GOTMS above the threshold value had the effect of reducing the sizes of the silica domains [33] . Thus the GOTMS/TEOS molar ration represents a parameter which allows us to finely tune the size of the silica particles in the system. This flexibility in the management of the final morphology permits to realize PI/silica hybrids tailored to specific requirements. For instance co-continuous morphologies were found to be much more effective in suppressing molecular relaxation processes, producing higher temperature stability and lower coefficients of thermal expansion. Two-phase micron sized morphologies, on the other hand, gave higher ductility. Attempts to decrease the extent of phase separation in PI/silica hybrids by enhancing the miscibility of the components were also conduced by Wang and coworkers [23, 34, 35] . They used aminophenyl- trimethoxysilane (APTMOS) as a coupling agent.
Whether premixed with the polyamic acid or with the trimethoxysilane (TMOS) solution, this coupling agent was reported to have improved the dispersion of the silica domains in the polyimide matrix. This was attributed to the enhanced interconnectivity of the two phases through chemical interactions with the amine groups of the coupling agent.
Hybrids from TMOS and a pyromellitic polyamic acid, synthesised by replacing the aromatic diamine typically used (ODA) with γ-aminopropyltrimethoxysilane (APTEOS) have been also investigated by Schrotter et al. [36] . The resulting microstructure of PMDA/APTEOS-based films showed a better incorporation of the silica than in PMDA/ODA, possibly as a result of the presence of active amino and methoxyl groups in APTEOS [37] . Using a variety of other amine coupling agents, the same authors demonstrated the variability in the siloxane network density, according to the precursor used. Generally, in the absence of alkoxyl functionalities, in favour of methyl groups, linear materials were produced. Conversely, methyl groups imparted hydrophobic character to the final materials.
Reactivity and curing behaviour
Several investigations have been reported in which the influence of the inorganic phase on the reactivity of the polyimide precursor has been studied [28, 29, 38] . In all these reports it has been pointed out that the silica phase exerts a considerable influence on the behaviour of the polyamic acid both in terms of its tendency to form molecular interactions with residual solvent, and with respect to the imidization reaction itself. In particular, Musto et al. [28] performed a time-resolved FTIR analysis on a PI/silica nanocomposite and a pure polyimide (PMDA-ODA) in order to compare the rate and extent of solvent removal from the two systems. It was shown that the presence of the silica precursor within the pre-polymer solution greatly facilitates solvent removal from the film surface. This effect was ascribed to a reduction of the stability of the NMP-PI complexes and, in particular to the destabilization of the most stable complex, i.e. the one with a 1:2 PI repeating units/NMP molar ratio. Figure 5 as a function of the reaction time. In particular, curve A refers to a nanocomposite with 22.3 wt% of silica, curve B is for the pure polyimide precursor and curve C is relative to a PAA film from which the NMP solvent was completely removed before curing. The kinetic data for the imidization of the polyimide precursor, shown in Figure 5 , curve B, are in general agreement with other published results. In particular, two distinct regimes can be distinguished; both being adequately described as first order processes. The initial regime is faster than the second by a factor of about 6.5. It also worth to note that partial imidization (i.d. = 0.06) takes place during the heating ramp before reaching the isothermal temperature. For this reason the conversion curve does not start from the origin. The data shown in Figure 5 , curve C, relative to a PAA film from which all NMP had been eliminated prior to curing, confirm the fundamental role of residual solvent in the cure kinetics of polyimides. In fact, a drastic reduction of the imidization rate is observed in polyimide precursor. Curve C: polyimide precursor from which the solvent had been completely eliminated prior to curing. The symbols indicate the experimental data, while the continuous lines represent the simulation of the first order kinetic model [29] .
comparison to the control system (compare curves B and C). The kinetic behaviour of the nanocomposite precursor resembles that of the pure polyamic acid in the presence of solvent, in that it can be adequately described by two first-order regimes. The second regime has a rate constant considerably lower than that of the first regime. However, in the nanocomposite system the first stage is significantly faster than for the pure polyamic acid in solution and the imidization reaches a more advanced stage during the heating ramp from room temperature to 120°C (initial i.d. = 0.33). As a consequence of these two effects the final conversion of amic acid is higher in the nanocomposite than in the pure polyimide polyimide (0.67 against 0.58).
The second stage of imidization in the two systems, however, is characterized by a comparable rate constant. The kinetic behaviour for the nanocomposite precursor seems to be conflicting with the solvent effect, since the residual amount of solvent is much lower in the nanocomposite formulation than in the in pure polyamic acid solution. Evidently, the inorganic phase exerts a catalytic activity with respect to the imidization of polyamic acid. This effect may arise from the hydroxyl groups present along the outer surface of the silica phase. These may form strong molecular interactions of the hydrogen bonding type with the amic acid moieties of PAA and, in doing so, may force the PAA chains to assume a planar conformation more favourable for cyclization.
Dynamic mechanical properties
Dynamic mechanical analysis (DMA) has been extensively used to study the influence of the silica phase on the molecular relaxation processes of the polyimide, which control and determine several material properties including tensile mechanical properties [39] [40] [41] . Figures 6 and 7 report the DMA results obtained by Musto et al. [42] on two types of PI/silica hybrids having, respectively, a particulate micron sized structure and nano-structured co-continuous morphology. The alkoxysilane solutions used for the production of these hybrids were pure TEOS for the phase separated system and a TEOS/GOTMS mixture for the interconnected hybrid. The PI precursor was a PAA formed by condensation of PMDA and ODA.
The presence of silica increases the elastic modulus ( Figure 6 ) both in the glassy region and at temperatures above the glass transition. The upturn in the E′ curves above the glass transition was attributed to the occurrence of intermolecular crosslinking reactions.
The tanδ plots (Figure 7 ) reveal the occurrence of three relaxation processes with increasing tempera- ture. The low and the medium temperature relaxations are defined, respectively, as the γ and β transitions (Figure 7a ). The highest temperature transition is an α-relaxation process (Figure 7b ) and corresponds to the glass transition temperature (T g ). The β transition is generally associated with local bond rotations along the polyimide backbone, although its exact description is still uncertain [42] . The γ transition is observed only in the presence of absorbed moisture. The incorporation of the silica phase causes a shift of the γ, β and α peaks toward higher temperatures. The increase in T β and T α was about 10°C for the micron sized composite and, respectively, of 24 and 34°C for the nanocomposite. The increase in T γ was considerably lower. Also the height of these transitions decreases. The effect was larger for the β and α processes and was much more pronounced for the nanocomposite sample. This depression in the relaxation processes was attributed to an increased constrain of the polyimide chain segments due to occurrence of interactions between the silica phase and the polyimide matrix. These interactions are larger for the nanocomposite than for microcomposite and were attributed to the action of the GOTMS coupling agent. On the same systems Mascia and Kioul [8] found that for phase separated hybrids the depression of the α-relaxations was approximately equal to that predicted by the law of mixtures, showing that all the silica precipitated as spherical particles. For nanocomposites, on the other hand, the reduction in the α-relaxations was considerably lower. This was indicative of the involvement of polyimide chains in the silicate network through the coupling of the two components by the GOTMS. The effect of the silica precursor on the β and α relaxation processes was also studied by Cornelius and Marand [40] . They produced a series of hybrids by carrying out sol-gel reactions of different alkoxysilanes in the presence of fully imidized polyimides, functionalized with different degrees of triethoxysilane groups. The alkoxysilanes employed included tetramethoxysilane (TMOS), methyltrimethoxysilane (MTMOS), and phenyltrimethoxysilane (PTMOS). The morphology of these hybrids was found to be largely dependent on the type and content of the alkoxide used. In particular, the higher functionality and reactivity of TMOS gave rise to very fine interconnected homogeneous systems, while the MTMOS and PTMOS based hybrids were phase separated with micron sized silica domains. The DMA results revealed that the Tg and the T β of various hybrid materials increased with increasing silica content. However, no clear trends with type or concentration of the alkoxide was observed . On the other hand, the magnitude of tanδ at T g was found to decrease with increasing the silica content for all the hybrid systems. The larger T g reduction was displayed for the TMOS based hybrids, followed by MTMOS and PTMOS hybrids. These results confirm that, as found for TEOS/GOTMS based hybrids, highly interconnected morphologies are much more effective in depressing α-relaxations with respect to phase separate systems.
In accordance with the DMA results, larger reductions in the coefficient of thermal expansion were found when the morphology of the dispersed silica phase changed from particulate to co-continuous [8] . This effect became even more pronounced at temperatures above the T g of the PI.
Mechanical and fracture properties
Polyimide/silica hybrids generally exhibit improved mechanical properties when compared to those of pristine polyimides. These enhancements include primarily modulus, strength and toughness and the magnitude of the effect is related to the compatibility of the organic and inorganic components, as well as to the size and dispersion state of the inorganic phase. In Figures 8 and 9 are shown the results of tensile tests carried out by Musto et al. [28] on PI/silica systems obtained using GOTMS as compatibilizing agent. The modulus is found to increase linearly with increasing the concentration of the inorganic phase ( Figure 8 ). In the same figure, the data for the normalized modulus, calculated as the ratio of the modulus of the hybrid to that of the polyimide, reached a value of 2 (i.e. 100% increase) at a silica content of 28.4%. This enhancement was found to be larger than that normally achieved for conventional composites [43, 44] . The tensile strength ( Figure 9 ) showed a gradual increase up to a concentration of silica around 15 wt%, followed by a slight reduction at higher concentrations. The elongation at break, displayed in the same figure, exhibited a monotonic decrease. The increase in the mechanical strength was attributed to the action of GOTMS, which produced both an improvement in the interfacial adhesion and the formation of finely interconnected morphologies (see Figure 3b ), leading to an efficient stress transfer mechanism between the two components. This is consistent with the fact that tensile strengths are known to be reduced if there are no interactions between the organic matrix and the inorganic phase. Chen et al. [45] also reported hybrids with a co-continuous phase morphology obtained directly from a soluble PI, functionalized with phenyl hydroxyl groups, and GOTMS as compatibilizer. In Figure 10 are compared the mechanical properties of PI/silica systems obtained with GOTMS (PHC) and without GOTMS (PHA). In both cases the tensile strength (Figure 10a ) and the elongation at break (Figure 10b) increase with increasing the silica content up to a concentration of about 15 wt%. After that a fast reduction is observed. Although for both systems the introduction of hydroxyl groups in the PI increased the miscibility with the silica phase, the superior mechanical properties exhibited by the PHC hybrids were the result of a better compatibility and interfacial strength achieved through the formation of chemical bonds involving the hydroxyl groups of PI and the epoxy groups of the GOTMS. Changes in the type of coupling agent were found to produce hybrid materials with mechanical properties comparable to those achieved with GOTMS. In this regard several aminoalkoxylanes, including aminopropyltriethoxysilane (APTEOS) and aminophenyltrimethoxysilane (APTMOS) were employed. The presence of both amino and methoxy side groups enabled chemical bonding between the PI and silica, resulting in the formation of homogeneous hybrids with enhanced modulus and ultimate properties. This is shown in Figure 11 where the results of Zhang et al. [46] on hybrids containing APTEOS are reported. It can be seen that for silica contents lower than 10 wt% improvements in the ultimate properties are observed, while for silica concentrations exceeding this value both tensile strength and elongation at break sharply decrease. Chen and Iroh [47] also used APTEOS for the production of bonded PI-silica hybrids. These materials exhibited, in comparison with the pure polyimide, higher mechanical strengths and lower elongations at break. Similarly Ahmad et al. [23] used APTMOS to bond the PI to the silica phase. This aromatic compound was also chosen for its high thermal stability, which is comparable to that of the pure polyimide. Relatively small amounts of APTMOS were found to improve significantly modulus and mechanical strength. The effect of temperature on the mechanical properties of PI/silica nanocomposites was also investigated [28] . In Figure 12 the variation of modulus with temperature for a nanocomposite hybrid containing 22.3% of silica is compared with that of the pure PI. The relevant finding is that at 250°C, which is the limiting temperature for the continuous use of polyimides, the value of modulus of the hybrid material is very close to that of the neat polyimide at ambient temperature. An analogous trend was observed for the tensile strength (Figure 13) . Thus, properly formulated PI hybrids with silica domains of nanoscale dimensions could make it possible to extend considerably the maximum temperature at which these systems can be reliably employed. Ragosta and coworkers [32, 48] used the Essential Work of Fracture (EWF) method [49] [50] [51] to assess the fracture toughness of phase separated PI/silica hybrids from ambient temperature to 250°C. ure 14 shows the fracture toughness, expressed in term of the essential work of fracture parameter, w e , versus temperature for a series of particulate PI/silica hybrids and for the pure polyimide. The parameter, w e , is found to increase linearly with increasing temperature and, at any given temperature, the enhancement of fracture toughness is related to the silica content. It is also found, as shown in Table 1 , that for a given silica content the fracture toughness increases further when the GOTMS coupling agent is added to silica precursor. The fractographic analysis (Figure 15) shows that the fracture process of these hybrids is dominated by interface-initiated cavitations. This mechanism is known to occur in particulate composites with spherical particles when the matrix modulus is lower than that of the particles [52, 53] . In particular, due to the poor adhesion between particles and matrix, a debonding process takes place at both equator and pole regions of the particles. The debonding of the matrix from the particles relaxes the local interfacial stresses promoting shear yielding mechanisms. Thus cavitations and matrix yielding are the deformation mechanisms responsible for the enhancement in the fracture toughness observed for micron sized PI/ silica hybrids. The addition of GOTMS (compare Figure 15a with Figures 15b and 15c ) reduces the particles diameter and improves the interfacial strength, thus favouring the conditions for promoting shear yielding processes in the PI matrix. Accordingly, higher values of w e are found with respect to those in absence of GOTMS (see Table 1 ).
Applications
The applications areas for PI/silica hybrids have considerably expanded with the current generation of materials in microelectronic, optoelectronic, and advanced membranes [54] [55] [56] [57] . Some specific examples will be now briefly described on these particular uses.
Ree et al. [58] prepared PI/silica nanocomposite hybrids for the production of microelectronic devices utilizing silica aerogels, which are known to exhibit a low dielectric constant and low thermal expansivity [59] . These hybrids showed improved dielectric and optical properties, whereas the interfacial stress and the thermal expansion coefficient were found considerably reduced owing to the sil- ica aerogels despite their low thermal expansivity. Kim et al. [60] studied the effects of TEOS content on the dielectric properties of PI hybrids using two type of soluble precursors chemically convertible to PI [poly(p-phenylene biphenyltetracarboxamic acid) (BPDA-PDA) and BPDA-PDA diethyl ester (BPDA-PDA ES)]. It was found that BPDA-PDA gave homogeneous nanocomposite films, whereas heterogeneous micron sized hybrids were generated with the BPDA-PDA ES precursor. As shown in Figure 16 the dielectric properties increased with TEOS contents, regardless of the polyimide precursor type, due to the inherent higher dielectric constant of silica in comparison to that of the PI. However, the nanocomposites films exhibited higher dielectric constants than those of microcomposites. Accordingly, the decrease in the resistivity observed in these hybrids was found to be less prominent for the nanocomposites than that for the microcomposites. Jiang et al. [61] developed a new method for preparing PI/silica films with low dielectric constants. The procedure consisted in two steps. Firstly, PI/silica hybrids were prepared via a sol-gel process. Secondly, the hybrid films were treated with hydrofluoric acid to remove the dispersed silica phase, leaving pores with a size and shape dictated by the initial morphology. It was found that the porous films exhibited lower dielectric constants with respect to the PI/silica hybrids, owing to the presence of air in the pores. Recently, there has been a great deal of interest in using polysilsesquioxane (PSSQ) or poly (vinylsilsesquioxane) (PVSSQ) as novel inorganic components in the preparation of PI hybrids for microelectronic devices, owing to their lower dielectric constants and lower moisture absorption compared to the silicon dioxide [62] [63] [64] . For instance, Wahab et al. [65] produced PI/PVSSQ hybrid films from BPDA-ODA polyamic acid and triethoxyvynilsilane (TEVS). These hybrids exhibited nanocomposite structures for PVSSQ content less than 20 wt%. Figure 17 shows the dielectric constants of the hybrid composites. As small amounts of PVSSQ are added the dielectric constant is remarkably reduced and then it increases with increasing the PVSSQ content. However, even at high PVSSQ contents, the electric constants of the hybrids are still lower than that of the pure polyimide. These hybrids also showed improved mechanical and thermal properties. PI/silica hybrids were also found to be useful materials for the production of optoelectronic devices (e.g. optical waveguides). For these applications the use of unmodified, conventional photosensitive PIs is strongly limited owing to the large volume shrinkage taking place after curing, which causes a significant distortion on the patterned feature [66] . Therefore, the incorporation of a silica phase within the PI matrix may represent a good solution to overcome this problem. However, only a limited number of PI/silica materials have shown to be photopatternable [67, 68] . For instance, photosensitive PI/silica hybrids were developed by Wang et al. [69] . In this study the volume shrinkage of polyimides with pendant photosensitive moieties, such as 2-methylacrylic acid 2-dimethylaminoethyl ester (MDAE), was largely reduced by pho- tocrosslinking MDAE with a coupling agent and the silica domains. The prepared hybrids exhibited good lithographic resolution, dimensional stability, reduced refractive index and low optical loss in the NIR region. Very recently, Yu et al. [70] synthesized fluorinated polyimide/colloidal silica hybrids, using 4.4′-hesafluoroisopropylidenediphthalic anhydride (6FDA), oxydianiline (ODA), aminopropyltriethoxysilane (APTEOS), and colloidal silica, in place of conventional alkoxysilanes. The coupling agent (3-methacryloxypropyl trimethoxysilane, MPTMS) and the silica domains were designed so as to reduce the volume shrinkage and to enhance the thermal properties. The prepared hybrids exhibited lithographical patterns with good resolution, suggesting potential applicability in the field of optoelectronic devices. Since PI hybrid materials combine the basic properties of organic and inorganic constituents, they can offer specific advantages for the preparation of membranes with enhanced selectivity and permeability, and improved thermal and chemical resistance [71, 72] . In particular, PI/silica membranes have been found to exhibit promising gas permeation qualities and have been tailored to accommodate specific gas separations. Joly et al. [73] conduced a study on transport properties of a series of gases (N 2 , O 2 , H 2 , CO 2 and CH 4 ) in polyimide hybrids charged with silica particles. The composite membranes showed higher permeability coefficients when compared with the pure polyimide. In spite of the permeability enhancement an increase in the selectivity of the H 2 with respect to N 2 , O 2 and CO 2 was observed. In a later paper, Joly et al. [74] investigated the role of silica in the modification of the membrane microstructure and the resulting effects on gas permeability. Similarly, Hu et al. [75] prepared nanocomposite membranes that had higher permeability coefficients and significant improvements in permeselectivity. The diffusivity and selectivity toward gases were also investigated by Cornelius and Marand [76] They prepared, via sol-gel, a series of hybrid composites based on 6FDA-6FpDA and 6FDA-6FDA-DABA polyimides and various organo-silica structures. The gas transport properties of these hybrid membranes were found to be dependent on the type of alkoxide employed and on the final morphology. In particular, systems with low degree of cross-linking between the inorganic and polymer components showed low membrane performances. In contrast, improvements in selectivity and permeability were observed in hybrids with high interactions between the components. This was attributed to the formation of an interphase consisting of constrained polymer segments partially incorporated into the silica structure. Diffusion studies of ammonia and water vapour in polyimides and polyimide/silica nanocomposite films were conducted by Musto et al. [77] [78] [79] [80] . They showed that the amount of hydrogen bonded water increased substantially in these hybrids compared to the pure PI as a result of molecular interactions occurring with the inorganic domains. Extensive reactions were found to take place between the ammonia penetrant and the polyimide substrate, which were considerably faster for the hybrids due to the confinement effect imposed by the nanostructured silica domains. This widens the possibility of utilizing PI hybrid systems for catalytic processes involving reactive penetrants.
Conclusions
Several examples of polyimide/silica hybrids materials have been presented herein. These showed that the sol-gel process was a versatile tool for the production of such hybrids since it allowed to adapt the structure of the silica phase and the chemical composition of the PI precursor to different applications. The phase separation was found to be the key factor in determining the morphologies that gave the best combination of properties in terms of thermal stability, dynamic and static mechanical properties, and fracture toughness. This can be achieved by promoting interactions between the organic and the inorganic components, either directly by functionalizing the polyimide backbone, or adding coupling agents that interacted with the growing silica network and the PI chains.
